Studies on plant electrophysiology are mostly focused on specific traits of action potentials (APs) and/or variation potentials (VPs), often in single cells. Inspired by the complexity of the signaling network in plants and by analogies with some traits of neurons in human brains, we have sought for evidences of high complexity in the electrical dynamics of plant signaling, beyond APs and VPs responses. Thus, from EEG-like data analyses of soybean plants, we showed consistent evidences of chaotic dynamics in the electrical time series. Furthermore, we have found that the dynamic complexity of electrical signals is affected by the plant physiological conditions, decreasing when plant was stressed. Surprisingly, but not unlikely, we have observed that, after stimuli, electrical spikes arise following a power law distribution, which is indicative of self-organized criticality (SOC). Since, as far as we know, these were the first evidences of chaos and SOC in plant electrophysiology, we have asked follow-up questions and we have proposed new hypotheses, seeking for improving our understanding about these findings.
Introduction
Because of the sessile and modular nature and the continuing challenges on their surviving, the plants must be able to perceive, interpret and respond to various environmental stimuli by integrating the signals received by many different sensors in the cells. To this end, they use a system that involves a complex network of signal transduction, involving cell-cell and long distance communication, enabling integration of their body parts (modules) as a whole, providing the ability to adjust their phenotype to different environmental conditions 1, 2, 3 .
Different types of signals, such as hormones, ROS, Ca 2+ and electrical signals, compose the plant's signaling network 3, 4 . Specifically, there are three types of electrical signals in plants: APs (action potentials), VPs (variation potentials), and SPs (system potentials). Strong evidences have demonstrated that these signals play central role in both cell-cell and long-distance communication in plants [5] [6] [7] [8] .
APs are characterized by spike-like changes of the resting membrane potential and, independent of the stimulus strength, starts propagating through the plant with a defined amplitude and velocity. Like in animals, APs seem to be all-or-nothing events 9, 10 . VPs differ from APs in various ways. VPs do not obey the all-or-nothing law, they are known as slow wave potentials (SWPs) with variable shape, amplitude and time frame. Moreover, the signals are related with the stimulus strength, and last for periods of 10 s up to 30 min 11, 12 . System potentials (SPs), in contrast to APs and VPs, reflect a systemic self-propagating hyperpolarization of the plasma membrane or depolarization of the apoplastic voltage. Like VPs, SPs have a magnitude and duration that are depended on the stimulus, but they are initiated via membrane hyperpolarization through the sustained activation of the proton pump. SPs are dependent of experimental conditions, and then they may occur under a very specific set of environmental conditions 4, 11 . 
Material and Methods
The plant model and growth conditions , and air humid around 60%. The plants were irrigated daily with ½ strength Hoagland nutrient solution, preventing, at same time, both starvation and salinization. The amount of irrigation was determined after weighing the pots with its maximum water retention and verifying the daily evaporation loss.
Data acquisition and experimental design
For acclimation, one the day before each experimental session, sub-dermal needle electrodes (model EL452, Biopac Systems, US) were inserted into the region between the stem and the roots, below the first pair of simple leaves, using plants with 15 days after germination. Acclimation to the electrodes is required because insertion induces action potentials and local fluctuations in potential variation, which is stabilized in a few hours with the disappearance of action potentials 28 . Each pair of electrodes (positive/negative) was inserted into the stem at a fixed distance (1 cm from each other) and 2-3 mm in depth, ensuring contact with the conducting vessels of the plants. The parts of the electrodes outside the plants were isolated from each other by 6 a block of polystyrene. A third electrode was attached to the structure of the Faraday cage in order to obtain adequate electrical grounding. In each experimental session, data were collected from four plants simultaneously, using a total of forty plants.
All bioelectric measurements were taken in a Faraday cage properly grounded to prevent electric field from the laboratory environment. The bioelectric time series
were recorded using a device of electronic acquisition with four channels (model The plants were osmotically stimulated with a mannitol solution with water potential of -2.0 MPa, applied directly on the substrate of the pots, taking care to avoid any mechanical contact with the plant. According to several previous studies, this osmotic potential is stressful, but no lethal, for soybean plants 29, 30 . The temperature of the mannitol solution was previously kept in equilibrium with the temperature inside the Phytotron to avoid additional disturbances on the root system.
Mathematical data analyses
In this study, we analyzed the time series ΔV={Δv 1 , Δv 2 ,...,Δv N }, where Δv i is the potential difference between the electrodes inserted in the plants, as described above.
The series analyzed correspond to samplings with the total length N ~75,000 points, corresponding to 600 s of the data measured before and after stimuli.
However, before experimental data analyzes, the noise from the EEG device was characterized as follows. 
is the time lag and <...> represents an average;
. For The time series sampled were analyzed by different methods in order to characterize the temporal dynamic of the signals, focusing in comparing the dynamics before and after the stimuli. First, we analyzed the auto-correlation function for each time series and, then, the cross-correlation function was calculate between the before and after the stimuli series. Second, the complexity of the time series were estimated by computing the Approximate Entropy (ApEn) and, then, tested for chaotic behavior by computing the largest Lyapunov exponents of the series.
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The auto-correlation functions of the time series sampled before and after stimuli were calculate as described above.
The calculation of Approximate Entropy, ApEn (m,r), follows the equation ApEn has been used as a robust method to measure the complexity (irregularity level) of biological time series. ApEn assigns a non-negative number to a sequence or time-series, with larger values corresponding to greater apparent process randomness or serial irregularity, and smaller values corresponding to more instances of recognizable features or patterns in the data 25, 32, 33 .
Largest Lyapunov exponent
To characterize chaos in the time series, the largest Lyapunov exponent was calculated according to Rosenstein's method 34 . The Lyapunov exponent 35 quantifies the rate of separation of infinitesimally close trajectories in the phase space. Taking
ΔS o >0 as the initial distance between two trajectories apart each other by a slight disturbance, the temporal evolution of this separation is given by the equation indicated by a vertical straight line trending in the initial part of the plot (such as in Figure 5 , in Results).
Results
The auto-correlation analysis showed that, contrary the noise of the EEG device, all the experimental time series sampled have a long-range correlation. However, the pattern decay of the The largest Lyapunov exponent is obtained from the slope of the log of the divergence between two trajectories (log(Δs) vs Δt) according to the time step 34 . In some situations observed herein, signals before stimuli showed an asymptotically infinite exponent, suggesting that the series was purely stochastic (Figure 5a ).
However, in the same plant sampled after the stimulus, the Lyapunov exponent has become finite and positive, indicating that the series has assumed a chaotic dynamics (Figure 5b ). showing that the series was stochastic. In (b), for the same plant after stimulus, the exponent was finite and positive, indicating that the dynamics has become chaotic.
Further, analysing visually and systematically the shape of each original time series before and after stimuli, we have observed the presence of spikes up to 500 μV (taking into account the⏐ΔV⏐ baseline range around 20 -40 μV) in all time series after stimuli (inserts in Figure 6 ). Then, the distribution of the ⏐ΔV⏐ magnitudes was analysed in the whole scored time series after stimuli (aprox. 1 h of sampling), in order to obtains a more accurate and reliable analysis. Surprisingly, but not unlikely, a 
Discussion
Plants, as any live being, are thermodynamical dissipative open systems far from equilibrium, with self-organized emergent properties 36, 37 . Such systems often show non-linear dynamics that can fit to deterministic chaos 18, 19 . 4, 15 , similarly to a neuronal electrical network. Our finding that the distribution of ΔVs follows a power law can bring some light to the phenomenon of synchronization. Power law distributions, specifically when 1< μ < 3 (in our results μ was between 1.9 and 2.1), can be signatures of self-organized critical (SOC) systems [45] [46] [47] . SOC is a ubiquitous phenomenon in nature regardless on the details of the physical system under study observed, for instance, in earthquakes, sandpiles, droplet formation, dynamic of populations, and in biological evolution 46, 47 . Thus, we hypothesized that the spikes observed herein ( Figure 6 20 . Accordingly, our results from complexity measurements after stimuli indicated that the osmotic stimulus was stressful, reducing the complexity and stability, pushing the system to a critical state.
Recent studies with EEG in human brains have also showed evidences of SOC 49, 50 . However, SOC has been associated to a normal brain functioning and disturbances, such as epileptic seizures attacks, deviate neuronal activity from a power-law distribution 50 . Thus, while SOC seems to be the normal state of brain functioning, our results suggest that the critical state in plants can be reached under stressful environmental conditions. Therefore, it is not clear what is the meaning of SOC for biological systems stability. By one hand, critical states can be associated to optimal information processing and computational capabilities (brain specialties) 50 and, on the other hand, in the critical state, systems can dissipate energy (tensions) efficiently 45 , which is a very important capacity for plants under stressful situations. 43. Choi, W., Toyota, M., Kim, S., Hilleary, R., Gilroy, S. Salt stress-induced Ca
2+
waves are associated with rapid, long-distance root-to-shoot signalling in plants.
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